As bstract. The phorbol diesters are the most potent inducers of differentiation of the promyelocytic leukemia cell line, HL-60. The soluble phorbol diester receptors prepared by all three methods copurified in a constant ratio with the Ca2-/ phospholipid-dependent protein kinase C through ammonium sulfate precipitation, DEAE ion exchange, and gel filtration chromatography. Partially purified protein kinase C was directly activated by the phorbol diesters even in the absence of exogenous Ca2+. The ability of a series of phorbol analogues to activate the kinase correlated with their known activity as inducers of cell differentiation. In addition, phorbol diester stimulation altered the phosphate acceptor substrate profile of protein kinase C, at least in part, by alteration of the Michaelis constant (Kin). These data suggest that protein kinase C is the phorbol diester receptor and that phorbol diesterinduced macrophage maturation of HL-60 cells may be mediated by activation of intracellular protein kinase C.
Introduction
The phorbol diesters are a group of agents capable of tumor promotion when administered topically following subthreshold doses of a carcinogen (1) . In addition to tumor promotion, a wide range of functional and biochemical changes have been ascribed to the phorbol diesters in numerous experimental systems (2) . Recently, the phorbol diesters have been shown to induce differentiation of HL-60 cells to macrophagelike cells (3) (4) (5) . Phorbol 12-myristate 13-acetate (PMA)' treatment brought about rapid cessation of DNA synthesis and cell proliferation. The cells became adherent and phagocytic, lost azurophilic granules, demonstrated increased levels of nicotinamideadenine dinucleotidase, nonspecific esterase, and acid phosphatase, became cytocidal and cytostatic for tumor targets, and synthesized a surface antigen reactive with anti-monocyte serum (6) (7) (8) (9) . Other effects of PMA on HL-60 cells have included increased polyamine levels (10, 1 1), altered phosphatidylcholine and triglyceride metabolism (12, 13) , decreased synthesis of high-molecular-weight glycopeptides (14) and generation of potent procoagulant activity (15) . The phorbol diesters exert these effects via stereospecific receptors (16) (17) (18) .
The nature of the phorbol diester receptor and the possible mechanism by which the effects of the phorbol diesters were transduced across membranes had remained unknown. However, recently Castagna et al. (19) have shown that PMA produced a direct activation ofthe Ca2+ and phospholipid-dependent protein kinase, termed protein kinase C. This is a novel protein kinase, originally described in brain (20) , and widely distributed in mammalian tissues (21, 22) including various types ofhuman leukemic cells (23) . It has been partially purified from platelets (24) and peripheral lymphocytes (25) as well as highly purified from bovine heart (26), rat brain (27) , and pig spleen (28) . The kinase is cyclic nucleotide and calmodulin insensitive but phos-pholipid and Ca2l dependent and further stimulated by diacylglycerol. It may undergo limited proteolysis by calcium-dependent neutral protease (29) . Using chelator extracts of the particulate fraction of rat brain, we recently tested the hypothesis that protein kinase C may indeed be the phorbol diester receptor (30) . We found that stereospecific, saturable phorbol diester receptors copurified with protein kinase C activity through several steps. In addition, we confirmed the observation of PMA activation of protein kinase C. After initial submission of this paper, others have now demonstrated specific phorbol diester receptors in mouse brain cytosol that copurified with a Ca2+/ phospholipid-dependent kinase activity through gel filtration (31) . Indeed, Ashendel et al. (32, 33) , using detergent extracts of the particulate fraction of mouse brain, have shown copurification to apparent homogeneity of a specific phorbol diester receptor and a Ca2+/phospholipid-dependent protein kinase. Operationally, three pools of phorbol diester receptors have been identified; a cytosolic pool which remains soluble even in the presence of Ca2", a cytosolic pool that binds to membranes in the presence ofCa2" and can be solubilized by chelator extraction of the Ca2+ membranes, and a membrane pool that resists chelator extraction and requires detergent treatment for solubilization.
We have now extended these observations to the human leukemia cell line HL-60, in which the phorbol diesters exert well characterized biological effects. Utilizing all three of the aforementioned fractions, the cytosolic fraction, the chelator extract, and the detergent extract of the particulate fraction, we found copurification of phorbol diester receptors and protein kinase C activity through several steps. The two activities copurified in a constant ratio. (17, 18) . As seen in Table I , 93% of the total cellular receptors was recovered in the crude homogenate. The supernatant obtained after EGTA/EDTA extraction of the 100,000 g pellet was fractionated with ammonium sulfate; 12% ofthe total phorbol diester receptors was recovered in the 21-45% ammonium sulfate pellet. In four separate preparations, a yield of 10-13% was obtained at this step.
In an attempt to characterize all pools ofthe phorbol diester receptor and protein kinase C, we also prepared cellular homogenates in the presence ofchelators. The presence ofchelators is necessary to characterize the cytosolic component in order to avoid Ca2'-mediated proteolysis (27) . About 75% ofthe original whole cell phorbol diester receptors can be accounted for in the chelator cytosol and the chelator pellet combined. Hence, three pools of soluble phorbol diester receptors, cytosolic receptors prepared in the presence of chelators, membrane receptors extracted with detergent, and receptors extracted with chelators from Ca2+-prepared membranes, can be examined.
These fractions represent at least 75% of total phorbol diester receptors (Table I) ; the remainder of the receptor activity is either lost during the initial sonication and centrifugation (7-20%) or remains associated with the particulate after chelator or detergent extraction (5-15%).
We also attempted to follow the distribution ofprotein kinase C during the homogenization and extraction sequences. How- (31) . Second, when cells were washed with Ca2"-containing buffers before homogenization, subsequent extraction of the crude particulate fraction with chelators was less efficient (n = 4). Therefore, cells were always washed without divalent ions before cell disruption in the lysis buffer. Finally, the chelator extraction mixture of 5 mM EGTA and 2 mM EDTA was found to be superior to 20 mM EGTA alone and to chelators plus 500 mM NaCl.
Next, the cytosolic, the chelator-extracted, and the detergentextracted fractions were purified by DEAE ion exchange chromatography. Fractions were assayed for specific phorbol diester receptor activity and for Ca2+/phospholipid-dependent and independent protein kinase activity. In addition, the active cytosolic and detergent extracted column fractions were assayed for PMA-stimulated protein kinase activity, while the active chelator extracted column fractions were pooled and used for further phorbol activated kinase studies (see below). As illustrated in Fig. lA-C , the phorbol diester receptor activity and the Ca2"/ phospholipid-stimulated and PMA-stimulated kinase activities all coeluted as a single peak (n = 3; n = 6; n = 3, respectively). Greater than 50% of the original phorbol diester receptors could be accounted for in the combined active DEAE fractions (Table I) .
At this stage of purification the kinase exhibited an absolute dependence on added phospholipid and Ca2+ or PMA. The phorbol diester receptor shared the lipid requirement and was also stimulated by exogenous Ca2+. The active fractions from the cytosolic DEAE column were applied to a Sephadex G-150 sizing chromatography column as shown in Fig. 2 . Again, the phorbol diester receptor and the Ca2+/phospholipid-and PMAstimulated kinase activities comigrated as a single peak, just ahead of bovine serum albumin. Similar results were seen when the chelator-extracted pool was subjected to sizing chromatography (data not shown).
Since it was not possible to compare yields of phorbol receptor and protein kinase C, the ratio ofthe two activities during the later stages of purification was determined. The active fractions from the three ion exchange columns and from the sizing column were each pooled, dialyzed against a common buffer, and assayed for specific phorbol diester receptor activity and phorbol and Ca2+/phospholipid-dependent kinase activity. As shown in Table I , the ratios ofphorbol binding to protein kinase activities was very similar, independent of the method of solubilization or purification.
Characterization of the partially purified soluble phorbol diester receptor. Fig. 3 Fig. 4 . In the presence of 20 gg/ml phosphatidylserine, [3H]PDBu binding was maximal at 10-4 M CaCl2 (Fig. 4 A) .
In the presence of EGTA, about one-third maximal binding was seen, while CaCl2 concentrations above 10-3 M inhibited binding to the unstimulated level. The absolute phospholipid requirement is depicted in Fig. 4 B. The curve has the shape of a typical saturation curve, with half-maximal stimulation at 20 ,g/ml and saturation >100 ,ug/ml.
Phorbol activation of partially purified protein kinase C. Because of the observations that the phorbol diesters could directly activate rat brain protein kinase C (19, 30) , similar experiments were undertaken using the enzyme partially purified from HL-60 cells. Using the pooled fractions from chelator extracted DEAE chromatography, the effects of phosphatidylserine, diolein, and/or PMA on kinase activity, as a function ofCa2" concentration, were determined (Fig. 5) . In the presence of EGTA, neither diolein nor phosphatidylserine, alone or together, activated protein kinase C. However, in the presence of 10-6 M Ca2+, the addition of phosphatidylserine dramatically increased the kinase activity. Increasing the Ca2+ concentration brought about a dose-dependent increase in enzyme activity with maximum activity at 10-4 M Ca2+. The further addition of the unsaturated diacylglycerol, diolein, was associated with only a modest (n = 3) enhancement of kinase activity at less than maximum Ca2+ concentrations. Likewise, PMA alone, at 16 nM, did not alter the enzyme. However, the addition of PMA plus phosphatidylserine, even in the presence of EGTA, greatly enhanced the protein kinase activity to 60% ofthe maximum Ca2+/phospholipid-stimulated activity. The further addition of only 10-6 M Ca2+ was associated with maximum enzyme activity. The stimulation of kinase activity by the combination of PMA at 16 nM plus optimal concentrations ofCa2+, phosphatidylserine and diolein was identical to the stimulated activity seen with either inducer alone (i.e., the two methods of activation were not additive).
Knowing the optimal conditions for enzyme activation, phosphate acceptor substrate specificity was examined. Because of initial differences seen in the phosphate acceptor substrate specificity ofCa2+/phospholipid-stimulated and PMA-stimulated kinase activities, studies were done to clarify this difference. As seen in Fig. 6 A, Histone H 1, histone type IIIS, and myelin basic protein were all excellent phosphate acceptors for the Ca2+-stimulated kinase (solid lines). The histones were also good substrates for PMA-stimulated enzyme (dashed lines) and the initial differences seen at the usual substrate concentrations of 200 gg/ml, could be explained by a change in Km (Fig. 6 B) .
However, the differences seen using myelin basic protein may be more complex and may involve more than just an alteration in Km order potency ofthe phorbol diester analogues (Fig. 8 B) . Under these conditions, maximal kinase activation occurred at 100 nM PMA with an EDM = 11 nM PMA. PDBu-and PDDstimulated kinase activity showed ED50 values of 24 nM PDBu and 70 nM PDD. Again, the same maximal kinase activity was achieved with each of the phorbol analogues. 4aPDD was ineffective as an enzyme activator. Hence, as regards phorbol accessible model for the study of myeloid differentiation (37, 38) . The phorbol diester tumor promoter, PMA, has been the most potent and efficacious inducer of macrophage maturation ofthis cell line (3) (4) (5) . The macrophage nature ofthe differentiated cells has been repeatedly confirmed (4, (6) (7) (8) . The abilities of a series of phorbol diester analogues to induce macrophage maturation followed a rank order of potency and specificity consistent with their known abilities to promote tumors (5) .
Other cell lines have also been found to be responsive to the differentiating effects of the phorbol diesters. The myeloblastic leukemia cell lines KG-1 and ML-3 and the monocytic leukemia cell line THP-l were also induced to macrophage maturity with PMA treatment (7, 39) . This success with differentiation of continuous cell lines was extended to fresh explants of human leukemia cells. Cells from patients with acute and chronic myelocytic or myelomonocytic leukemias have been treated in primary culture with the phorbol diesters. The treated cells universally acquired differentiated macrophage characteristics (40) (41) (42) .
Phorbol diester-induced leukemic cell differentiation exhibited the potency and stereospecificity characteristic of a receptormediated response. Driedger and Blumberg (43) (18) found 190,000 receptors per HL-60 cell with a KD = 23 nM. The phorbol diesters also appear to exert their effects in fresh leukemic explants via specific receptors (46a).
However, the biochemical nature of the phorbol diester receptors had remained unknown until recently. Castagna et al. (19) demonstrated direct activation of rat brain Ca2+/phospholipid-dependent protein kinase C by the active phorbol analogues. We confirmed this observation and also showed that soluble phorbol diester receptors copurified with protein kinase C from rat brain (30) lending further support to the identity of protein kinase C as the phorbol diester receptor. The very recent reports (32, 33) demonstrating that both activities from mouse brain apparently reside in a single molecule, further strengthen this argument.
In this paper we have extended these observations to the HL-60 cell line in which the phorbol diesters elicit a known biological response. The initial whole cell phorbol receptor measurements of 120,000 receptors/cell with a KD = 21 nM were similar to those previously reported (17, 18) . Following cell lysis and fractionation by centrifugation, the sum of the cytosolic and membrane-associated receptors nearly equaled the total quantity of receptors measured in the intact cells. This suggests that both the cytosolic and membrane-associated receptors are measured in the whole cell binding assay. But if approximately one-third of the total receptors are cytosolic in the presence of Ca2+, and two-thirds are cytosolic in the presence of divalent ion chelators (27, 30) , how can they be measured in the whole cell receptor assay? Recently Kraft et al. (47) and Kraft and Anderson (48) , using a thymoma cell line and yolk sac cells, demonstrated vastly decreased cytosolic protein kinase C activity and increased membrane-associated activity after whole cell treatment with PMA. Indeed, using this thymoma cell line, EL4, Sando and Young (49) have very recently identified a cytosolic, high-affinity phorbol diester receptor. Thus, phorbol diester exposure appears to bring about translocation ofcytosolic protein kinase C/phorbol diester receptor to the membrane, so that most of the kinase/receptor is membrane-bound and hence accessible to the radioligand.
We attempted to study all forms of the phorbol diester receptor that could be solubilized. The phorbol diester receptor and protein kinase C activities copurified through ammonium sulfate precipitation, DEAE ion exchange, and Sephadex G-150 sizing chromatography from all pools studied. In fact, in all studies done to date, specific phorbol diester receptors have always been associated with the protein kinase activity. Through these steps, the phorbol diester receptor developed a requirement for both exogeneous Ca2' and phospholipid. Identical requirements have been well documented for protein kinase C (26, 27) . In addition, similar requirements have recently been demonstrated for a soluble phorbol diester receptor found in several tissue types (31, 32, 49, 50) . In this study, optimal receptor binding and maximum kinase activity occurred at the identical Ca2" concentration of 10-' M. In addition, the relative mobilities of both activities from HL-60 cells on sizing chromatography are in accord with that found previously for protein kinase C from other sources (26, 27) .
The probable identity of protein kinase C and the phorbol receptor was further supported by the studies of kinase activation by the phorbol analogues. PMA, at biologically relevant concentrations, directly activated protein kinase C, even in the absence of Ca2". This activation was dose dependent and stereospecific, with activation potency correlated with known biologic potency for tumor promotion and induction of cell differentiation. In addition, phorbol activation of protein kinase C brought about a change in the phosphate acceptor substrate profile ofthe enzyme by altering the Km for the histone substrates, although the differences noted using myelin basic protein as substrate may be more complex. It (51) (52) (53) (54) . Modulation of normal growth by epidermal growth factor and platelet-derived growth factor may also involve activation of membrane-associated protein kinases (55) (56) (57) . Tumor promotion and cellular differentiation now also appear to be tightly associated with activation ofa protein kinase. Thus, we are now attempting to characterize the endogenous phosphate acceptor substrates for phorbol diester-activated protein kinase C in HL-60 cells.
In summary, in the HL-60 cell line we have: (a) demonstrated soluble phorbol diester-binding protein from three cellular pools accounting for at least 75% ofthe total whole cell phorbol diester receptors, and shown them to have the affinity, saturability, and stereospecificity expected of the phorbol diester receptor; (b) shown that the phorbol diester receptor and Ca2+/phospholipiddependent protein kinase C cosolubilize and copurify in a constant ratio; (c) demonstrated direct activation of protein kinase C by the phorbol diesters at biologically active concentrations and with a specificity paralleling the known biologic potency of the various analogues. With these data and the rapid cellular phosphoprotein changes seen in PMA-treated HL-60 cells (Vandenbark, G. R., and J. E. Niedel, manuscript in preparation), we propose that phorbol binding to and activation of protein kinase C may be causal in the induction of macrophage maturation of myeloid leukemic cells by the phorbol diesters. Biologically relevant (i.e., lymphokines, monokines) inducers of cellular differentiation may activate protein kinase as well (58) (59) (60) 
